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Calmodulin is phosphorylated m vitro by the insulin-receptor tyrosine kinase and a variety of serine/threonine kinases. 
Here we report that insulin stimulates the phosphorylation of calmodulin on average 3-fold in intact rat hepatocytes. 
Although calmodulin is constitutively phosphorylated. insuUn increases phosphate incorporation into serine, threonine 
and tyrosine residues. We demonstrate that casein kinase II, an insulin-sensitive kinase, phosphorylates calmodulin 
in vitro on serine/thronine residues (Thr-79, Scr-81, Ser-101 and Thr-117). The ability of the insulin receptor to 
phosphorylatc calmodulin that has been prc-phosphorylated by casein kinase II is enhanced up to 35-fold, and the sites of 
phosphorylation on calmodulin are shifted from tyrosine to threonine and serine. These observations, obtained with a new 
specific monoclonal antibody to calmodulin, confinn that insulin stimulates calmodulin phosphorylation in intact cells. 
The observation that calmoduhn is phosphorylated in vivo, coupled with the recent demonstration that phosphocahnodulin 
exhibits altered biological activity, strongly suggests that phosphorylation of calmodulin is a critical component of 
intracellular signalling. 



INTRODUCTION 

Calmodulin, a 17 kDa Ca**-binding protein present in all 
eukaryotic cells, plays a key role in the regulation of a number of 
essential enzymes (for reviews, see [1,2]). It is not known how 
calmodulin activates enzymes differentially, but post- 
translational modification of the molecule (e.g. phosphorylation) 
may represent a biologically important step in the regulation of 
calmodulin function. Phosphocahnodulin has been detected in 
chicken brain and muscle [3] and rat brain [4]. In addition, 
calmodulin has been reported to be phosphorylated in vitro by 
the insulin-receptor tyrosine kinase [5-7] and a variety of 
serine/threonine kinases [3,4,8], and in intact cells apparently by 
a variety of kinases [3,4,9,10]. Despite these data, Blackshear & 
Haupt [11] have reported that in 3T3-L1 fibroblasts, adipocytes 
and hepatocytes the phosphorylation of calmodulin is minimal 
and is not stimulated by insulin. However, the differences in 
methodology among the studies with intact cells preclude direct 
comparison. 

Casein kinase II is a multipotential serine/threonine kinase 
consisting of an ouz'fi^ or ajs^ structure with the a subunits 
37--43 kDa and fi subunits 24-27 kDa (for review, see [12]). A 
variety of proteins in the cytosol, nucleus and membranes have 
been identified as substrates for casein kinase II in vitro and in 
vivo [12]. Phosphorylation of substrates by casein kinase II may 
affect substrate function directly. In some cases, however, 
phosphorylation has no direct effect on activity, but potentiates 
phosphorylation by other protein kinases, resulting in alterations 
in activity, e.g. protein phosphatase 1 [12,13]. Casein kinase II 
may be involved in insulin action as insulin increases its activity 
in 3T3-LI mouse adipocytes, rat hepatoma cells [14], 3T3 
fibroblasts [15] and adipocytes [16]. In addition, casein kinase II 
has been reported to phosphorylate the >?-subunit of the insulin 
receptor [17]. 

In this paper we show that insulin stimulates the 
phosphorylation of calmoduhn in intact rat hepatocytes on 
serine, threonine and tyrosine residues. Furthermore, we dem- 
onstrate, in a phosphorylation system in vitro, the ability of 



sequential kinase activation by casein kinase II and the insulin 
receptor to enhance the resulting phosphorylation of calmodulin, 
rendering the insulin-induced kinase activity entirely serine- and 
threonine-specific. 

EXPERIMENTAL 
Materiab 

Reagents were obtained as follows: radionuclides from Amer- 
sham (Arlington Heights, IL, U.S.A.); L-l-tosylphenylalanyl- 
chloromethane-treated trypsin from Worthington Biochemicals 
(Freehold, NJ, U.S.A.); poly(vinylidene difluoride) (Inunobilon- 
P) from Millipore (Bedford, MA, U.S.A.); anti-phosphotyrosine 
IgG from Upstate Biotechnology Inc. (Lake Placid, NY, U.S.A.); 
and Ca*^-free pig brain calmodulin from Ocean Biologies 
(Edmond, WA, U.S.A.). H.p.l.c. colunms were acquired from 
the suppliers as listed: Partisil lO-SAX from Whatman (Clifton, 
NJ, U.S.A.); Brownlee C^^-VTC from ABI (Foster City, CA, 
U.S.A.); RPC^ Vydac and Vydac 3040L oligonucleotide from 
the Nest Group (Southborough, MA, U.S.A.). All other 
chemicals were of reagent grade. 

Intact-cell phosphorylatioD assays 

Hepatocytes were isolated from rats by a modification [18] of 
the method of Berry & Friend [19], washed with modified 
Krebs-Ringcr buffer (120 mM-NaCI, 5 mM-KCl, 1.25 mM-CaCI„ 
l.2mM-MgS0„ 24mM-NaHCO„ 28 mM-dcxtrose and 20 mM- 
Hepes, pH 7.4) (buffer A) and incubated in this buffer for 30 min 
at 37*»C. Cells were gassed continuously with 0,/CO, (19:1) 
during this incubation. After two washes with buffer A, approx. 
1x10' cells were incubated with 0.4 mCi of P*P]P, in buffer A at 
37 °C for 60 min, followed by incubation for 10 min at 37 °C in 
the absence or presence of 67 nM-insulin. We confirmed that 
under these conditions ''P uptake has reached steady state at 
60 min. The reaction was stopped with 10 % (w/v) trichloroacetic 
add ; equal amounts of protein were loaded onto each lane and 
separated by SDS/PAGE. After transfer to poly(vinylidene 
difluoride) (75 min at 250 ntA), proteins were fixed with 0.2% 
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(v/v) glutaraldehyde [20,21], autoradiography was performed 
and the blot was probed with a specific anti-calmodulin 
monoclonal antibody [20]. 

For immunoprecipitation studies, the reaction was stopped by 
boiling SDS. This method yielded phosphorylation patterns 
identical with those observed with trichloroacetic acid termin- 
ation. The samples were then placed on ice for 60 min and the 
SDS was removed by centrifugation (678000^-niin). Immuno- 
precipitation was performed by incubating the samples for 3 h 
at 4 °C with the anti-calmodulin monoclonal antibody cross- 
linked to Affi-Gel. The beads were washed twice with 50 mM- 
Tris/HCl (pH 7.5)/140 mM-NaCl/1 % (v/v) Triton X-100 and 
twice with SOmM-Tris/HQ (pH 7.5)/140 mM-NaCl, boiled in 
solubilization buffer for 5 min and processed by SDS/PAGE, 
autoradiography and immunoblotting with anti-calmodulin or 
anti-phosphotyrosine antibodies. The specificity of the anti- 
phosphotyrosine antibody was demonstrated by displacement 
with 50 mM-O-phospho-L-tyrosine. 

IProtein pbospHsorylatioini iss vitro 

Standard phosphorylation assays were performed by 
preincubating 4.3 /£M-caimodulin in a reaction mixture containing 
50mM-Tris/HCI (pH 7.2). lOmM-MgCl,. 140mM-KCl. 50 /tM- 
(y.»PlATP (5-10 /tQ), 0.86/iM.poly-(L.lysinc) (30-70 kDa; 
mean 41 kDa), 1 mM-EGTA and 0.4 mM-CaCl, (free Ca'* concn. 
of 0.5 fiu) in a final volume of 70 /il After 10 min at 30 'C the 
reaction was initiated by addition of 125-275 enzyme units 
(1 unit is the amount of enzyme that catalyses the incorporation 
of 1 pmol of "P into casein/min at 30 ^'C) of casein kinase II, 
purified from rabbit reticulocytes [22]. The reaction was 
terminated after 30 min at 30 X with 10% trichloroacetic acid 
at 4 X, followed immediately by addition of 10 /il of 0.1 % BSA. 
The samples were solubilized and processed by SDS/PAGE and 
autoradiography as described [6]. 

When calmodulin was phosphorylated initially by casein kinase 
II and subsequently by the insulin-receptor kinase (see Fig. 3), 
the casein kinase II reaction was terminated by heating at 100 
for 5 min or, if phenyl-Sepharose chromatography was 
performed (see below), quick-freezing in solid CO,/ethanol. 
Both these methods permanently inactivate casein kinase II. 
Phosphorylation reactions with the insulin-receptor kinase were 
performed as published, with partially purified receptors from 
rat hepatocytes [6] or highly purified human placental insulin 
receptors [7], 

SDS/PAGE in 10 %- or 1 5 %-polyacryIamide gels and 
autoradiography were performed as previously described [6]. 
The amount of "P incorporated into cahnodulin was quantified 
by excising the calmodulin band from the gel, solubilizing in 
water/Protosol/Aquasol (1:2: 10, by vol.) and counting radio- 
activity [6]. 

Phenyl-Sepharose chronnQtography 

Calmodulin was phosphorylated by casein kinase II (as 
described above, except that non-radioactive ATP was used) and 
the reaction stopped by quick freezing in soKd CO,/ethanol. 
Phosphocalmodulin was separated from the other reagents by 
phenyl-Sepharose chromatography by a modification of a de- 
scribed method [23]. Briefly, I ml of phenyl-Sepharose was pre- 
equilibrated with 5 mM-CaCl, and 1.5M-NaCl in 50 mM- 
Tris/HQ (pH 7.4) (buffer B). The Ca** concentration of the 
sample was adjusted to 2 mM immediately before application to 
the column. The column was washed extensively with buffer B, 
followed by 5 ml of 5mM-CaCl, in 50mM-Tris/Ha (pH 7.4) 
(buffer C) to remove the NaCl. Calmodulin was eluted from the 
column with modified buffer C (the CaCl, is replaced by 10 mM- 
EGTA). The buffer was removed by Sephadex G-25 gel-filtration 



chromatography, with water as the solvent, and the sample was 
concentrated. 

SeiparaMon of trypdc peptides 

To determine the specific amino acid residues phosphorylated, 
"P-labelled phosphocahnodulin was isolated by phenyl- 
Sepharose chromatography as described above. Tryptic digestion 
was performed for 4 h at 37 "C in 1 mM-EGTA containing 0.1 m- 
NH^HCOj and 40 fig of trypsin/ml. The peptides were separated 
by a RPC4 Vydac column with a linear gradient from 0-60% B 
over 90 min at 1 ml/min (solvent A was 0.1% trifluoroacetic 
acid in water; solvent B was 0.095 % trifluoroacetic acid in 90 % 
acetonitrile). Peptide elution was monitored by the A^^^y fractions 
were collected and radioactivity of samples was determined. 
Some 22 A^^^ peaks were eluted, but only four contained 
significant radioactivity. The fractions for each radiolabelled 
peptide were divided into two equal portions and dried. One was 
used for phosphoamino acid analysis, and the other for 
determining the amino acid composition. 

Sequencing of tryptic phospSoopeptides 

To determine amino acid composition, the phosphorylated 
peptides were hydrolyscd with gaseous 6 M-HCl/1 % phenol for 
1 h at 150 ^C. Amino acids were separated and quantified on a 
Brownlee Ci,-PTC h.p.l.c. column as previously described [24]. 
The amino acids from each peptide were matched exactly with 
known tryptic fragments by using the amino acid sequence of 
calmodulin [25]. Phosphoamino acid analysis was performed by 
hydrolysing the tryptic fragments for both 1 and 4h with 
gaseous 6m-HCI/1% phenol at llOX to ensure complete 
hydrolysis without significant loss of phosphate. A Vydac 
oligonucleotide h.p.l.c. column was used as previously described 
[26] for complete separation of phosphoserine, phosphothreonine. 
phosphotyrosine and P,. The longer hydrolysis lime resulted in a 
slight decrease in total phosphoamino acids and an increase in 
free P,, but no alteration in the sites of phosphorylation (results 
not shown). Each *'P peak contained only one phosphopeptide. 

Otfiier enei&ads 

Phosphorylation of poly(Glu^,Tyri) was determined essentially 
as described by Sahal & Fujita-Yamaguchi [27]. Free Ca*^ 
concentration was measured with an Orion Ca** electrode 93-20, 
reference 90-01, and microprocessor pH/millivoUmeter 811 [28]. 
Protein content was determined by the method of Lowry et al. 
[29] or Bradford [30] with BSA as standard. Phosphoamino acid 
analysis was performed by h.p.l.c. as described [6] or by thin- 
layer electrophoresis in formic add/aoetic acid/water 
(25:78:897, by vol.) at 600 V for 7 h. 



RESULTS ANB DISCUSSHON 

Insulin sdmnlates tlhe pSoospborylation of calmodulin in intact rat 
hepatocytes 

Insulin increases calmodulin phosphorylation in hepatocytes 
on average approx. 3-fold (Fig. 1). The phosphoprotein was 
identified as calmodulin by inmiunoblotting (Fig. la, lanes 3 and 
4) with a new highly specific anti-calmodulin monoclonal anti- 
body that was heretofore unavailable [20]. This phosphoprotein 
is completely removed by immunoprecipitation with the anti- 
calmodulin monoclonal antibody (results not shown). Further- 
more, immunoprecipitation with this antibody confirms both its 
identification as calmodulin (Fig. la, lanes 5 and 6) and the 
insulin-sensitivity (Fig. \b). By immunoprecipitation, insulin was 
shown to enhance calmodulin phosphorylation 3.2 ± 0.7-fold 
(mean±s.E.M., n ~ 5). Probing the immunoblot with an anti- 
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Fig> 1- Insulin-stiiniiQlnted phospllBorylation of caLmodaliii in Bnspatocytes 

Isolated rat hepatocytcs loaded with P*P]P, were incubated in the 
presence ( + ) or absence (-) of 67 nM-insulin and processed as 
described in the Experimental section, (a) Reactions were stopped 
with 10% trichloroacetic add and proteins separated by 
SDS/PAGE. After transfer to poly(vinylidene difluoride), 
autoradiography was performed (lanes 1 and 2) and the blot was 
probed with a specific anti-cahnodulin monoclonal antibody (lanes 
3 and 4). Cell lysates were precipitated with the anti-calmodulin 
monoclonal antibody, processed by SDS/PAGE and immunoblots 
were probed with the antt-calmodulin monoclonal antibody (lanes 5 
and 6) or anti-phosphotyrosine antibody (lanes 7 and 8). Rep- 
resentative experiments are shown, (b) Cell lysates precipitated with 
anti-cahnodulin antibody were processed by SDS/PAGE, transfer 
to poly(vinylidene difluoride) and autoradiography. Three inde- 
pendent experiments are shown. The position of nugration of 
cahnodulin (CaM) is designated, (c) Hepatocytes incubated with 
(+) or without (-) insulin were immunoprecipitated with the anti- 
calmodulin monoclonal antibody and samples were separated by 
SDS/PAGE. After transfer to poly(vinylidene difluoride), 
calmodulin was hydrolysed with 6M-HC1 at 110**C for 2h and 
phosphoamino acids were separated by thin-layer electrophoresis. 
The positions of migration of phosphothreonine (/*-Thr), 
phosphotyrosine (P-Tyr) and phosphoserine {P-Sct) are designated. 
PAA, phosphoamino acid analysis. 



phosphotyrosine antibody (Fig. la, lanes 7 and 8) demonstrates 
that calmodulin is phosphorylated on tyrosine residues. By this 
method insulin does not appear to increase phosphate incor- 
poration significantly at this site. Phosphoamino acid analysis 
of immunoprecipitated phosphocalmodulin indicates that 
calmodulin is constitutively phosphorylated and insulin increases 
phosphate incorporation into serine, threonine and tyrosine 
residues (Fig. 1^). In addition to calmodulin, the heavy and light 
chains of the immunoprecipitating antibody are visible above 
calmodulin in Fig. 1(6), lanes 5-8. Using this same anti- 
calmodulin monoclonal antibody for immunoprecipitation, we 
have observed that insulin stimulates calmodulin 
phosphorylation in BC3H-1 myocytes (J. M. McDonald & 
M. A. Moore, unpublished work). 



There is an apparent discrepancy between the data obtained 
with the anti-phosphotyrosine antibody, which fails to dem- 
onstrate stimulation of tyrosine phosphorylation of calmodulin 
by insulin (Fig. la, lanes 7 and 8), and the data obtained by 
phosphoamino acid analysis of ''P-labelled calmodulin (Fig. Ic), 
which shows that insulin stimulates the phosphorylation of 
calmodulin on tyrosine as well as serine and threonine residues. 
Note, however, in the basal state there is little "P incorporated on 
tyrosine resides. We have observed in immunoblots of calmodulin 
phosphorylated in vitro on Tyr-99 that the intensity of 
inuntmostaining with anti-phosphotyrosine antibody is directly 
proportional to the quantity of phosphocahnodulin. The broad 
bands seen by immunostaining with the anti-calmodulin and 
anti-phosphotyrosine antibodies (Fig. la, lanes 5-8) compared 
with the narrow bands on the autoradiogram of immunopre- 
cipitated calmodulin (Fig. \b) are consistent with the existence of 
multiple pools of calmodulin. This suggests that a major 
component of calmodulin has a slow rate of turnover of 
phosphate on tyrosine residues, preventing complete equili- 
bration with ^'P. Since insulin increases tyrosine phosphorylation, 
this stimulation possibly occurs in a different pool of calmodulin, 
resulting in an increase in "*P-labelled tyrosine without an increase 
in total phosphotyrosine in the molecule. The rapidly turning- 
over pool is possibly in a subcellular compartment, perhaps 
located in the plasma membrane or nucleus. Studies are needed 
to determine the stoichiometry of calmodulin phosphorylation in 
both the stable and rapidly changing pools. 

The lack of significant phosphorylation of calmodulin in intact 
cells reported by Blackshear & Haupt (11] contradicts both our 
findings and those of three other groups [3,4,9], who identified 
phosphocahnodulin in intact cells and tissues including brain, 
muscle and fibroblasts. Four important methodological details 
distinguish the present studies from earlier ones that did not 
detect phosphocahnodulin. These details underscore the lack of 
intcrpretability of negative data unless appropriate internal 
standards are employed. First, the method for terminating the 
reaction has proved critical. In the studies presented here, the 
reaction was terminated with 10 % trichloroacetic add or boiling 
SDS. This appears to be a key step in detecting phospho- 
cahnodulin in intact cells, and was successfully employed in 
identification of phosphocalmodulin in intact cells by others. 
This technique probably succeeds owing to the rapid inactivation 
of phosphatase activity, since other investigators have 
demonstrated the inability to detect certain intracellular 
phosphotyrosyl-proteins with routinely used phosphatase 
inhibitors [3 1 .32]. Second, the ability of our monoclonal antibody 
to immunoprecipitate calmodulin [20] has provided convincing 
data where earlier inununopicdpitation attempts did not. Using 
the polyclonal antibody (No. 465, provided by Linda Van Eldik, 
Vanderbilt University) which was unsuccessful in the 
immunoprecipitation studies of Blackshear & Haupt [11], we 
immunoprecipitated less than 3 % of calmodulin phosphorylated 
in vitro on Tyr-99 (compared with 98% immunoprecipitated 
with our monoclonal antibody; results not shown). Third, 
anti-phosphotyrosine antibodies cannot be used for immuno- 
precipitation studies with calmoduUn because they generally do 
not immunoprecipitate phosphotyrosyl-proteins of less than 
30kDa [33]. Fourth, in contrast with the negative studies 
mentioned above, we have utilized specific transfer conditions 
and fixation methods designed to detect calmodulin by immuno- 
blotting [21]. 

PibosphorylatioD of calmodulin by casein Eunase H and the 
Insulin receptor 

Calmodulin is phosphorylated in vitro on Tyr-99 by the insuhn- 
receptor kinase [34], and on serine and threonine residues by 
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Fig. 2. SeparatioD of "P-labeUed tryptk peptides of calmodaliii 

Tryptic peptides derived from calmodulin phosphorylated by casein 
kinase II were separated by reverse-phase h.p.l.c. as described in the 
ExperimenUl section. Flow rate was 1 ml/min, and 330 fi\ fractions 
were coUected. Radioactivity was measured in a 10 /il portion of 
each fraction by liquid-scinttUation spectrometry. 



casein kinase II [8]. Because insulin increases casein kinase II 
activity [14,15] and stimulates calmodulin phosphorylation in 
hepatocytes on serine and threonine residues, in addition to 
tyrosine (see Fig. 1), we hypothesized that the phosphorylation 
of calmodulin by casein kinase II and the insuUn-receptor kinase 
possibly represents an important point of cross-talk between the 
two signalling pathways. The sites of calmodulin phosphorylated 
by casein kinase II were therefore determined. 

Calmodutin phosphorylated by casein kinase II was digested 
by trypsin and the peptides were separated by reverse-phase 
h.p.l.c. This produced four radioactive peaks (Fig. 2). The amino 
acid sequence of each peak was determined and is shown in 
Table 1. These peptide sequences all correspond to known 
sequences in calmodulin. Since peptides 1-3 contain only one 
serine or one serine and one threonine, assignment of the exact 
phospfaoamino add was straightforward. Since peak 4 contains 



two threonine residues, standard Edman degradation as de- 
scribed by Crimmins et al. (24] was performed to pinpoint the 
exact site of phosphorylation. Thr-llO gave the expected signal 
in the cycling, whereas Thr-117 was absent, suggesting that the 
latter had been post-translationally modified and was not eluted 
from the glass-fibre filter. All phosphorylation sites detected are 
characteristic casein kinase II consensus sequences. The relative 
amount of phosphorylation at each site is expressed as a 
percentage of the total ''P incorporated into the radiolabelled 
peptides (Table 1). 

Analysis of interactions between multiple kinases are difficult 
to investigate in vivo. We therefore examined this in a system in 
vitro by sequentially phosphorylating calmodulin, initially by 
casein kinase II and then by the insuhn receptor. Phosphorylation 
of calmodulin by the insulin-receptor kinase is altered when 
cahnodulin is first phosphorylated by casein kinase II. As 
demonstrated in Fig. 3(a), the insulin receptor stimulates the 
phosphorylation of calmodulin that has been pre-phosphorylated 
with unlabelled ATP on serine and threonine residues by 
casein kinase II to a much greater extent (lane 2; 3.0 ± 0.5-fold, 
n = 4) than it stimulates the phosphorylation of non-pre- 
phosphorylated calmodulin (lane 1). Heating the sample for 
5 min at 100 before adding [y-"P]ATP, insulin and the insulin 
receptor completely inactivates the casein kinase II (Fig. 3a, lane 
3), ensuring that there is no active casein kinase II present in the 
insulin-receptor phosphorylation assay. Lane 4 represents a 
positive control illustrating that casein kinase II itself 
phosphorylates calmodulin during the preincubation. 

The stoichiometrics of phosphorylation of calmodulin 
presented in Fig. 3(fl) are as follows: 0.03, 0.13 and 0.25 mol of 
phosphate/mol of calmodulin for insulin receptor only (lane 1), 
insulin-stimulated phosphorylation of calmodulin pre- 
phosphorylated by casein kinase II (lane 2) and casein kinase II 
only (lane 4) respectively. The stoichiometry of calmodulin 
phosphorylation by the insulin receptor alone (lane 1) is at the 
level that we routinely observe imder standard phosphorylation 
conditions [6]. Studies are needed to determine whether the 
stoichiometry of pre-phosphorylation by casein kinase II modifies 
the amplification or site of subsequent insulin-stimulated 
phosphorylation. 

To ensure that there are no other factors in the casein kinase 
II assay which may alter the insulin-receptor kinase assay. 



TaUe 1. (a) 



add 



off the tryptic peptides firom calmoduUB phosphorylated casein kinase n, and (6) sites of phosphorylation 



Peptide numbers correspond to the peaks in Fig. 2. In the sequences, phosphorylated amino acids are indicated by bold letters. Values in (a) for 
* Relative phosphorylation* are the amounts of "P incorporated into each peptide, expressed as a percentage of the total radioactivity incorporated 
into calmodulin. 



(o) Peptide 



Amino acid sequence 



Relative 
phosphorylation 



Ser 



Thr 



1 M^-K-D-T'^D-S^'-E-E-E-I-R-E-A-F-R** 50 14 

2 D"-G-N-G-Y-I-S"»-A-A-E-L-R^«' 5 0 

3 V"-F-D-K-D-G-N-G-Y-I-S"*-A-A-E-L.R'«« 20 0 

4 H^'>'-V-M-T-N-L-G-E.K-L-T»"-I>.E-E-V-D-E.M.I-R»» 0 11 



(6) Site of phosphorylation . 
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Fig. 3. Effect of phosphorylation of aUmodulin by casein kinase 11 on 
subsequent phosphoryhition by the fauulin receptor 

(a) Phosphoiylation reactions were performed as described in the 
Experimental section. The sample in lane 1 was phosphorylated by 
partially purified hcpatocytc insulin-receptor kinase (IR) only. 
Samples in lanes 2 and 3 were initially phosphorylated by casein 
kinase II (CK II) with non-radioactive ATP only (no [y-**P]ATP 
present) and the assay was stopped by heating at 100 X for 5 min. 
Then die sample in lane 2 was phosphorylated by the insuUn 
receptor in the presence of [y-"PJATP, and that in lane 3 was 
incubated with [y-"P]ATP only. Incubation times were 30 min for 
the casein kinase 11 assay and 60 min for the insulin receptor assay. 
Lane 4 is a control (casein kinase 11 with [y-**P]ATP for 30 min 
only). Insulin (67 nM) was present in lanes 1 and 2. (b) Calmodulin 
was phosphorylated by casein kinase II (CK II) as described for (a) 
in the presence of non-radioactive ATP and the reaction was 
stopped by quick freezing in solid CO,/ethanol. The phosphorylated 
calmodulin was then separated from the reaction mixture by phenyl- 
Sepharose chromatography as described in the Experimental section. 
The second incubation was performed with the insulin receptor in 
the presence ( + ) or absence (-) of 67 nM-insulin. Lane 1 contains 
calmodulin that was not pre-phosphorylated by casein kinase II and 
was phosphorylated by the insulin-receptor kinase only. Represent- 
ative autoradiograms are illustrated, with the positions of migration 
of calmodulin (CaM) and the a subunit of casein kinase II (a) 
designated. 



calmodulin phosphorylated by casein kinase II was separated by 
phenyl-Sepharose chromatography before phosphorylation by 
the insulin-receptor kinase (Fig. 36). Pre-phosphorylation of 
cahnodulin by casein kinase II increases subsequent insulin- 
stimulated phosphorylation approx. 35-foId (compare lanes 1 
and 2, Fig. 3b). To confirm that this phosphorylation is via an 
insulin-stimulated kinase, we performed the assay in the presence 
(lane 2) and absence (lane 3) of insulin. In the experiment shown, 
insulin stimulates incorporation into pre-phosphorylated 
calmodulin approx. 2-fold. In other experiments insuHn stimu- 
lation ranged from 2- to 8-fold. 

Phosphoamino acid analysis of calmodulin phosphorylated 
initially by casein kinase II (in the absence of insulin) and then 
by the insulin receptor (in the presence of insulin) provided 
surprising results. The insulin-stimulated kinase phosphorylates 
calmodulin exclusively on serine and threonine residues (Fig. 4). 
No tyrosine phosphorylation is present. Since these findings were 
so unexpected, phosphoamino acid analysis of this calmodulin 
was performed independently in two different laboratories by 
different techniques, h.p.Lc. (Fig. 4) or t.l.c. (results not shown). 
Both methods give the same results, showing phosphorylation 
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Fig. 4. Phosphoamino add analysis of calmoduUn phosphorylated by casein 
kinase If and the inanlin reoeptor 

Phosphorylation reactions were performed as described in the 
Experimental section. Phosphorylation by casein kinase II was 
performed in the presence of non-radioactive ATP (no [y^*?\AT? 
present) and stopped by heating at 100 X for S min. The samples 
were then phosphorylated by addition of the insulin receptor in the 
presence of 67 nM-insulin and [y-'«P|ATP. Highly purified human 
placental insulin receptors (a) and partially purified rat liver insulin 
receptors (b) were used in the second incubation. Phosphoamino 
acid analysis was performed by h.p.l.c. as described in the 
Experimental section. The retention times for phosphothreonine 
(P-Thr), phosphotyrosine (P-Tyr) and phosphoserine (P-Ser) 
were determined by simultaneous u.v. detection of internal 
phosphorylated standards. 



exclusively on threonine and serine residues. Virtually identical 
results are obtained when calmodulin pre-phosphorylated by 
casein kinase II is phosphorylated by a highly purified insulin 
receptor preparation from human placenta (Fig. 4a) or partially 
purified rat hepatocyte insulin receptors (Fig. 46). Repetition of 
this experiment five times with partially purified hepatocyte 
insulin receptors resulted in variable amounts of threonine and 
serine phosphorylation, but no tyrosine phosphorylation. 

The activity of the insulin-receptor tyrosine kinase, measured 
with the synthetic substrate poly(Glu4,Tyri), is unchanged in the 
presence of calmodulin pre-phosphorylated by casein kinase II 
(results not shown). Caution should be used in interpreting this 
last observation, however, because poly(Glu^, Tyri) has been 
shown to inhibit some serine/threonine kinases [35]. It is not 
known why phosphorylation on serine/threonine residues 
prevents subsequent tyrosine phosphorylation of calmodulin by 
the insulin-receptor kinase. Among the possible explanations 
are: (1) a phospho-seryl/-threonyl phosphatase is converted into 
a phosphotyrosyl phosphatase [36]; (2) phosphocalmodulin 
activates a phosphotyrosyl phosphatase [37]; (3) a serine/ 
threonine kinase associated with the insulin receptor (38) is 
activated by phosphocahnodulin and phosphorylates 
calmodulin, preventing tyrosine phosphorylation; (4) 
phosphorylation of calmodulin by casein kinase II alters its 
tertiary conformation, which inhibits phosphorylation on 
tyrosine but permits that on serine/threonine; it is possible that 
phosphate incorporation on to Ser-101 produces steric hindrance 
of phosphorylation of Tyr-99; and (5) the phosphorylation of 
calmodulin on serine/threonine residues effects its interaction 
with the insulin receptor, resulting in the kinase specificity 
changing from tyrosine to serine/threonine. Recently enzymes 
have been identified in three different cell types that are related 
in sequence to serine/threonine kinases, but exhibit serine-. 
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threonine- and tyrosine-phosphorylating activity [39-41]. This 
demonstrates the existence of kinases that can phosphorylate all 
hydroxy amino adds. Changing the tertiary structure and charge 
of cahnodulin by phosphorylation may produce an alternative 
recognition site for the kinase, altering its specificity. 

Most phosphorylated proteins are modified by at least 
two protein kinases [12]. Calmodulin phosphorylated on 
serine/threonine ([3,4,9]; the present work; J. A. Traugh, per- 
sonal communication) and tyrosine ([9,10]; the present work) 
residues occurs in intact cells. Importantly, in 3T3-L1 cells one of 
the phosphorylated forms is identical with a phosphopeptide 
produced by phosphorylation of calmodulin in vitro by casein 
kinase II (J. A. Traugh, personal conununication). Furthermore, 
Fukami et aL [9] demonstrated that calmodulin is phosphorylated 
on serine/threonine residues in normal and Rous-sarcoma-virus- 
transformed cells. In contrast, cahnodulin is also phosphorylated 
on tyrosine residues in the transformed cells only [9]. 

Phosphorylation of calmodulin by casein kinase II may provide 
a species of calmodulin which can be rapidly modified in response 
to insulin, producing significant metabolic sequelae. Cahnodulin 
phosphorylated in vitro on Tyr-99 by the insulin-receptor kinase 
has an enhanced ability to activate cyclic GMP phosphodiesterase 
(J. P. WilUams, H. Jo & J. M. McDonald, unpubtished work), 
whereas cahnodulin phosphorylated on serine/threonine residues 
has diminished activity [42]. This, coupled with the presence of 
phosphocabnodulin in intact cells, suggests that phosphorylation 
of calmodulin on tyrosine and serine/threonine residues may 
provide important post-translational regulatory mechanisms 
for modulating intracellular calmodulin-regulated events. 
Specifically, the phosphorylation of cahnodulin by both casein 
kinase II and the insulin-receptor kinase may represent a point 
where two kinases interconununicate, producing signal 
amplification and modulation in the intracellular transduction of 
the insulin signal. 
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